The study was undertaken to investigate separately the changes in the first and second phases of 
INTRODUCTION
During a sustained maximal voluntary contraction (MVC), the impulsemediated efflux of K + causes the concentration of this ion to rise in the interstitial space (Vyskocil et al. 1983 ), thus causing a progressive depolarization of the sarcolemmal membrane (Clausen, 2011) . Such loss of membrane excitability would be manifested by a decrease in the size of the transmembrane potential and, ultimately, of the compound muscle action potential (M-wave). Despite the simplicity of this argument, controversy exists on whether impaired membrane excitability is reflected by a decrease of M-wave amplitude. Indeed, while some studies have found that M-wave amplitude decreases during a sustained MVC (Bellemare & Garzaniti, 1988; Zijdewind et al. 1990) , others found no change in M-wave size (Garland, Garner, & McComas 1988; Kukulka, Russell, & Moore, 1986; Merton, 1954) . Surprisingly, there are reports showing an initial increase and subsequent decrease in M-wave peak-to-peak amplitude during c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society electrically evoked contractions (Cupido, Galea, & McComas, 1996; Duchateau & Hainaut, 1985; Fitch and McComas, 1985; Moritani, Muro, & Kijima, 1985) , and a few studies have shown that M-wave area initially increased and subsequently stabilized during an MVC (Bigland-Ritchie et al. 1982; Thomas, Woods, & Bigland-Ritchie, 1989 ).
Clearly, the relation between membrane excitability and M-wave amplitude is far from being well understood.
For a long time, the concept of impaired membrane excitability has been characterized solely by 'a decrease in the amplitude of transmembrane potential' (Fowles et al. 2002) . However, an increase in extracellular K + concentration has been shown to cause not only a depression of the transmembrane potential, but also a broadening of this intracellular potential (Juel, 1988; Lännergren & Westerblad, 1987) . These two alterations of the transmembrane potential (depression and broadening) have opposite (competing) effects on M-wave size. Importantly, it has been shown that, despite being smaller in amplitude, a lengthened transmembrane potential could lead to an enlargement of the M-wave (Arabadzhiev et al. 2008; Dimitrova & Dimitrov, 2002) . Therefore, it might be that a decrease in membrane excitability is reflected by an increase, and not a decrease, of M-wave size, as we recently suggested (Rodriguez-Falces & Place, 2017) .
The discrepancies between the above studies may be explained by the fact that most previous authors have considered the M-wave as a whole, i.e. without analysing separately its first and second phases.
However, the electrical formation of the first and second phases of an M-wave is intrinsically different, with the first phase essentially resulting from the propagation of the transmembrane potentials along the fibre membrane, and the second representing the extinction of these action potentials at the tendon (Gydikov & Kosarov, 1972) . As such, the M-wave second phase is highly sensitive to positional changes of the recording electrodes relative to the muscle-tendon complex (Rodriguez-Falces & Place, 2014) , and thus this final phase might be influenced by factors other than fibre membrane properties, such as changes in muscle architecture. The implication is that the gross features of the M-wave commonly used by previous researchers, i.e. the peak-to-peak amplitude and total area, may not be valid indicators of membrane excitability, as these parameters also depend on the M-wave second phase.
The impetus for the present study came from a recent study in which we showed that the amplitude of the M-wave first and second phases changed in a completely different manner over the course of a sustained MVC lasting 3 min (Rodriguez-Falces & Place, 2017) .
Specifically, the first phase enlarged for the first minute and stabilized thereafter, whereas the second phase initially increased within the first minute, but decreased subsequently. While these results are surprising, the M-waves superimposed on an ongoing contraction might be affected by both methodological and physiological issues (see below), and thus it would be interesting to extend this line of investigation to a fatiguing paradigm consisting of successive intermittent brief MVCs, such as that originally adopted by Hicks et al. (1989) . There are several reasons justifying this choice. First, the electrical stimulus could be applied between successive MVCs, when the muscle is relaxed, thus ensuring more stable and reproducible M-waves (Hicks et al., 1989) . Second, with the stimulus delivered while the muscle is at rest, all motor units should be activated by the single stimulus, as they are not in the refractory period. Finally, the proposed protocol enables brief periods of blood flow between contractions, which allows partial clearance of interstitial K + via the capillaries, and thus it might be that the discrepancies between the first and second M-wave phases during this protocol are less pronounced than during a sustained MVC.
The objective of the present study was to examine separately the first and second phases of the M-wave during 4 min of repeated intermittent 3 s MVCs in the quadriceps muscle. Based on our previous experiments, we hypothesized that: (1) the amplitude of the first and second M-wave phases would change in a different manner throughout the successive MVCs; (2) the M-wave first phase would enlarge (and not decrease) as membrane excitability is progressively impaired due to fatigue; and (3) because the levels of extracellular K + concentration would be lower during successive intermittent MVCs as compared to during a sustained MVC, the degree of enlargement in
New Findings
• What is the central question of this study?
Is impaired membrane excitability reflected by an increase or by a decrease in M-wave amplitude?
• What is the main finding and its importance?
The magnitude of the M-wave first and second phases changed in completely different ways during intermittent maximal voluntary contractions, leading to the counterintuitive conclusion that it is an increase (and not a decrease) of the M-wave first phase that reflects impaired membrane excitability.
the M-wave first phase would be lower in the intermittent protocol.
The study was designed to gain insight into the impairment of sarcolemmal excitability during repeated intermittent MVCs and to analyse separately how this impairment is expressed in the first and second components of the M-wave.
MATERIAL AND METHODS

Participants
Twelve male participants aged between 23 and 27 years (mean ± SD: 24.9 ± 1.9 years) volunteered to participate in this study. Their average height and body mass were 176.5 ± 3.7 cm and 69.7 ± 4.8 kg, respectively. Written informed consent was obtained from all participants before the experimental session. None of the participants reported current or recent (at least 6 months prior to the study) neuromuscular or musculoskeletal disorders. Approval for the project was obtained from the local Ethics Committee (Ethics Approval Code:
PI-007/18, not registered in a database), and all procedures used in this study conformed to the Declaration of Helsinki.
Mechanical recordings
Experiments were performed on the dominant quadriceps muscle and consisted of isometric knee extension contractions. Subjects were seated comfortably on a custom-built chair with a knee angle of 90 • and a trunk-thigh angle of 100 • . Extraneous movements of the upper body were limited by two crossover shoulder harnesses and a belt across the lower abdomen. Quadriceps force was recorded during the voluntary isometric contractions using a strain gauge (STS, SWJ, Shenzhen, China; linear range: 0-2452 N, sensitivity 2 mV V −1 and 0.0017 V N −1 ) that was attached to the chair and securely strapped to the ankle with a custom-made mould. The force signal (knee extension) was sampled at 1000 Hz using an analog-to-digital conversion system (MP150; Biopac, Goleta, CA, USA). In all muscles, two pairs of electrodes were placed in a belly-tendon configuration, as depicted in Figure 1a . In the VL and VM muscles, the 'belly' electrode of the first pair (proximal) was located over the innervation zone, whereas the 'belly' electrode of the second pair (distal) was placed 3 cm distal from the motor point. These two 'belly' electrodes were placed along a line parallel to the orientation of the muscle fibres (see below). In the RF, the two belly electrodes were positioned lengthwise over the muscle belly. For each of the muscles, the 'tendon' electrode was placed over the bony surface of the tibia, and the ground electrode was positioned over the ipsilateral patella, as depicted in Figure 1a . The M-waves recorded under this belly-tendon configuration can be considered as monopolar M-waves inasmuch as the tendon electrode was placed on an electrically non-active site of the body. In all muscles, only the proximal M-wave was considered for analysis, because, at this electrode position (i.e. over the innervation zone), the first phase of the M-wave is little influenced by end-offibre effects (Rodriguez-Falces & Place, 2018) , and, at the same time, is sensitive to changes in fibre membrane properties (Duchateau & Hainaut, 1985) .
Electromyographic recordings
In the VL and VM muscles, conduction velocity was estimated as follows. First, the innervation zone and tendon regions were noninvasively identified in a few preliminary test contractions using a dry linear array consisting on 16 silver bar electrodes (5 × 1 mm, 5 mm inter-electrode distance, OttinoBioelettronica, Turin, Italy), as previously described (Masuda, Miyano, & Sadoyama, 1985) . The orientation of the array was chosen by visual inspection of the surface EMG signals from the test contractions with the criterion of minimal variation in the shape of the action potentials, which indicates alignment with the fibre direction (Farina, Fosci, & Merletti, 2002) . 
Stimulation procedure
The femoral nerve was stimulated using a circular (diameter: 5 cm) 
Temperature recordings
Simultaneously with the recording of force and EMG signals, skin surface temperature was measured using a fast-response thermistor (SS6L, BIOPAC, response time 0.6 s, accuracy ±0.1 • C). The temperature probe was placed over the RF, close to the location of the surface electrodes. During the experiments, room temperature was kept at 22 ± 0.2 • C.
Experimental procedure
The participants were well familiarized with performing maximal 
Data analysis
Data were recorded with commercially available software (AcqKnowledge, Biopac Systems, Goleta, CA, USA), and the EMG signal was monitored online for any abnormality that could be a sign of the electrodes not being properly attached to the skin. Subsequently, data were exported to MATLAB (version R2012b; The MathWorks, Natick, MA, USA) for quantitative analysis using ad hoc scripts.
For each M-wave response, the amplitude, duration and area of the first (Ampli FIRST , Dur FIRST and Area FIRST ) and second (Ampli SECOND , Dur SECOND and Area SECOND ) phases were measured (see Figure 1b ).
The onset of Dur FIRST was determined by a deviation greater than 2 SD of the baseline noise from the baseline, while the end point corresponded to the baseline-crossing point. This point marked the onset of the second phase (Dur SECOND ). The end point of the second phase was determined by the same deviation (2 SD of baseline noise) from the baseline. The area parameters were calculated as the integral of the absolute value of the M-wave over the above-defined phases.
Total area (Area TOTAL ) was calculated by adding the areas of the first and second phases. Peak-to-peak amplitude (Ampli PP ) was computed as the sum of Ampli FIRST and Ampli SECOND . Peak-to-peak duration (Dur PP ) was computed as the time interval between the first and second peaks of the M-wave. Changes in Ampli FIRST and Area FIRST were expected to reflect alterations in membrane excitability, whereas
Ampli SECOND and Area SECOND could be influenced by changes in muscle architectural features as well as in sarcolemmal excitability (Rodriguez-Falces et al., 2015) . Changes in Dur FIRST , Dur SECOND and Dur PP were assumed to follow alterations in muscle fibre conduction velocity (Bigland-Ritchie et al., 1982) . All these parameters were measured on the proximal M-wave (see Figure 1a ). For the quadriceps twitch, peak force was measured. All M-wave parameters, MVC force and peak twitch force recorded during the 4 min of intermittent MVCs were expressed as a percentage of the control responses.
To assess the decline in maximal voluntary force throughout the fatiguing protocol, we selected a 1.0 s window centred on the peak force of each 3 s MVC, and then calculated the average force over this window. For convenience in the statistical analysis, and also for clarity in the representation of data in the figures, only the M-wave and force parameters evoked every 10 s (i.e. every two contractions) were considered for analysis, similarly to previous studies (Cupido et al., 1996) .
Estimation of muscle conduction velocity was performed using the multidip approach (Farina & Negro, 2007) with channels 2-5 of the electrode array, as this approach uses only four consecutive EMG channels. The multidip method is based on the use of a regression analysis of the spatial and temporal frequencies of multiple dips introduced into the EMG power spectrum through the application of a set of spatial filters (Farina & Negro, 2007) .
Statistics
Kolmogorov-Smirnov tests confirmed that each parameter analysed in the current study was normally distributed (P > 0. Ampli SECOND and conduction velocity; Ampli SECOND and peak twitch force. Significance was set at P < 0.05. Data were presented as the mean ± SD in the text and tables. Figure 2a shows a typical example of the maximal voluntary contractions exerted by the quadriceps throughout the 4 min of intermittent MVCs in one participant. It can be seen that MVC force decreased at a fast rate during the first 2 min of the test, and kept decreasing at a slower rate thereafter. A similar pattern of force decline was recognized in most individuals, as confirmed by the aggregate data from the whole study group (Figure 2b) . At the end of the 4 min fatiguing protocol, MVC force declined to 40.2 ± 7.3% (range 25.7-53.6%) of pre-fatigue values.
RESULTS
Force recordings during the 4 min fatiguing protocol
Contrary to the MVC force, the peak twitch force (Figure 2c) increased during the first three or four MVCs, when it reached a peak (P < 0.05), after which it decreased for the subsequent 2 min, before being stabilized during the last minute. Note that, after 1 min of intermittent MVCs, peak twitch force was already below control values (P < 0.05). Although not the focus of the present study, we also plotted and compared the M-waves evoked before and immediately after the 3 s (control) MVCs. It can be seen that a 3 s MVC induced a significant increase in the amplitude of the second phase and a concomitant decrease in the duration of the M-wave (Figure 3b,d ). These shortterm potentiation effects, which were meticulously described in a previous publication (Rodriguez-Falces et al., 2015) , could not be due to fatigue mechanisms and were probably related to differences in muscle architecture between 'before' and 'after' the MVC (Rodriguez-Falces & Place, 2016). These contraction history effects were excluded from the present study by taking the M-waves after the control MVCs as the control responses. Figure 4 shows the time course of changes in the amplitude and area of the first phase (first column) and second phase (second column) of the M-wave, and also of the whole M-wave (third column), during the 4 min of intermittent MVCs. It can be seen that Ampli FIRST increased uninterruptedly during the first 3 min of the fatiguing protocol (P < 0.05, Table 1 ) and then gradually reached a plateau during the last minute ( Figure 4a ). Of note, the increase in Ampli FIRST was steeper in the first minute, and then more gradual during the subsequent 2 min.
Changes in the magnitude of the M-wave throughout the 48 intermittent MVCs
In contrast, Ampli SECOND increased rapidly during the first 55-75 s of the protocol, when it reached a peak (P < 0.05, Table 1 ), after which it decreased (rapidly at first and then slowly) for the remainder of the test (Figure 4b ). The time course of Ampli PP throughout the 4 min fatiguing test was similar to that of Ampli SECOND : it initially increased for 55-75 s, and subsequently decreased (Figure 4c ). On the other hand, Area FIRST and Area SECOND showed similar time courses during the fatiguing test: both parameters increased progressively during the first 3 min (P < 0.01, Table 1 ) and then stabilized at a plateau for the rest of the test (Figure 4d ,e). Of note, the time course of changes in Ampli FIRST during the test was similar to that of Area FIRST .
Changes in M-wave duration, muscle conduction velocity and temperature during the 48 intermittent MVCs
Both Dur FIRST and Dur SECOND ( Figure 5 ) increased significantly during the fatiguing protocol (P < 0.05, Table 1 ). However, the time courses of TA B L E 1 Maximum M-wave parameters and minimum conduction velocities during the 4 min fatiguing protocol, together with the times at which they occur Vastus lateralis 4.3 ± 1.1 3.6 ± 0.9 −15 ± 3 215 11.4 ± 3.4 13.5 ± 3.4 +18 ± 4 215
Vastus medialis 4.2 ± 1.0 3.6 ± 0.9 −14 ± 4 225 13.8 ± 3.6 15.9 ± 3.4
+15 ± 4 215
All values are expressed as mean ± SD. Changes are expressed relative to control. All values were significantly different from controls (P < 0.01) these parameters exhibited an important difference: whereas Dur FIRST increased only during the first 3 min and then stabilized for the last minute (Figure 5a ), Dur SECOND increased uninterruptedly during the entire duration of the fatiguing protocol (Figure 5b ). The behaviour of Dur PP was similar to that of Dur SECOND : it increased throughout the whole test, although more gradually during the last minute (Figure 5c ).
Of note, the time course of changes in Dur FIRST was similar to that of Ampli FIRST and Area FIRST . Conversely, the temporal variation of Dur SECOND during the test was different from that of Ampli SECOND and Area SECOND .
The time course of muscle conduction velocity during the 4 min fatiguing test was similar to, but the inverse of, that of Dur FIRST and Ampli FIRST : namely, it decreased during the initial 3 min (P < 0.05), before stabilizing for the remaining of the test (Figure 6a ). Muscle skin temperature increased gradually throughout the entire duration of the 4 min fatiguing protocol, the increase being significant at 50s into the contraction (P < 0.05, Figure 6b ).
Correlation between M-wave variables, conduction velocity and twitch force during exercise
The correlation coefficient between the time course of changes of 
DISCUSSION
The main finding of the present study was that the amplitude of the M- 
Differences in the time course of the first and second phases of the M-wave
We found that Ampli FIRST increased over the first 3 min of the test, exactly the period over which conduction velocity was seen to decrease (and Dur FIRST to increase). Thus, the parallel time courses of Ampli FIRST and conduction velocity suggest that the M-wave first phase enlarged as membrane propagation was progressively impaired due to fatigue. The fact that the changes in Ampli FIRST and conduction velocity occurred gradually, from the first MVC onwards, indicates that these changes were likely related to the progressive accumulation of intramuscular metabolites (Juel, 1988 Differently from the first phase, Ampli SECOND initially increased for 55-75s, but subsequently decreased for the remainder of the test. The initial increase and subsequent depression of the whole M-wave size has been already reported by various authors during sustained maximal contractions (Cupido et al., 1996; Duchateau & Hainaut, 1985; Fitch & McComas, 1985; Moritani et al., 1985) . These authors attributed the late decline in M-wave size to the inability of the electrogenic Na + -K + pump to keep pace indefinitely with the K + efflux from the cells (Cupido et al., 1996) . However, the present experimental protocol enabled brief periods of blood flow between contractions, which allowed partial clearance of accumulated extracellular K + . Moreover, we found that conduction velocity had already begun to decrease before any decline in Ampli SECOND was observed. Thus, the accumulation of interstitial K + , known to provoke a decrease in conduction velocity, does not seem to be responsible for the decline in Ampli SECOND .
The different behaviour of the first and second phases has passed unnoticed by most of previous researchers, who only analysed the general M-wave parameters, such as Ampli PP and Area TOTAL (Cupido et al., 1996; Hicks et al., 1989; Milner-Brown & Miller, 1986) . However, the sole analysis of the full M-wave is inadequate to unravel the changes, separately, in each of the M-wave phases, which prevents the correct interpretation of data. For example, in the present study the sole analysis of Ampli PP did not allow distinguishing whether the late decrease in Ampli PP was due to a decrease in the first phase, the second phase, or in both phases of the M-wave. We have clearly shown that such decline in Ampli PP was solely due to the decrease in Ampli SECOND .
Therefore, it is likely that the late depression of Ampli PP observed in previous investigations was related to factors other than membrane excitability.
At this point, a comment must be made on the M-wave area, as this parameter has traditionally been used to detect changes in membrane properties (Bigland-Ritchie et al., 1982; Hicks et al., 1989) . Here, we found that Area FIRST and Area SECOND exhibited the same time course: both parameters increased during the first 3 min, before stabilizing. The similar behaviour of Area FIRST and Area SECOND , however, is not proof that the first and second phases of the M-wave behave in a similar way. Indeed, the area of a potential depends on both its amplitude and duration, and hence the similar time courses of Area FIRST and Area SECOND could result from different combinations of changes in amplitude and duration. This was certainly the case here.
Specifically, for the first phase, both Ampli FIRST and Dur FIRST increased for the first 3 min and then stabilized thereafter. However, for the second phase, the decline in Ampli SECOND observed between the first and fourth minutes of the test was compensated by the uninterrupted increase in Dur SECOND in the same time interval, thereby resulting in an initial increase and subsequent stabilization of Area SECOND . From the above it is clear that the interpretation of the changes in the area parameter (and especially in Area SECOND ) may be difficult and misleading.
Possible mechanisms underlying the changes in the M-wave first phase
We found that the increase in Ampli FIRST always occurred in parallel with a decline in conduction velocity. The slowing of impulse conduction is primarily due to the accumulation of K + and Na + ions (Fortune & Lowery, 2009; Juel, 1988) . Thus, the almost perfect temporal association between Ampli FIRST and conduction velocity suggests that the M-wave first phase enlarges as long as the concentration of extracellular K + and intracellular Na + increases. If this hypothesis is correct, since the increase in extracellular K + and intracellular Na + concentration caused by a contraction is proportional to the intensity of the contraction (Vyskocil et al., 1983) due to the increased intramuscular pressure (Mitchell et al. 1981; Sadamoto, Bonde-Petersen, & Suzuki, 1983) , then the changes in Ampli FIRST observed throughout the 4 min test should be largely determined by the changes in the absolute force level during successive MVCs.
This was certainly the case here. Indeed, we found that the increase At first sight, it may seem paradoxical that the rise of extracellular K + and intracellular Na + concentration, known to depolarize the transmembrane potential (Balog & Fitts, 1996; Hodgkin & Horowicz, 1959; Lännergren & Westerblad, 1986) , is precisely the cause for the increase of in Ampli FIRST . Intuitively, accumulation of K + in the interstitial spaces induces a decrease in the amplitude of the transmembrane action potential (Juel, 1988) , and thus should make the M-wave decrease. However, a rise of extracellular K + concentration also makes individual transmembrane action potentials longer and with larger negative after-potentials (Lännergren & Westerblad, 1986 , Juel, 1988 Metzger & Fitts, 1986) . Despite being smaller in amplitude, a lengthened transmembrane potential results in greater and broader extracellular potentials that would summate more effectively, thereby causing an enlargement of the M-wave (Arabadzhiev et al., 2008; Dimitrova & Dimitrov, 2002) . During the intermittent MVCs, the transmembrane potential would be progressively broadened as the concentration of K + rises in the interstitial fluid (Hanson, 1974; Juel, 1988) . In fact, it has been demonstrated that action potentials broaden during repeated stimulation in both mammalian muscles (Hanson, 1974) and amphibian muscles (Lännergren & Westerblad, 1987) . On this basis, we propose that it is the progressive broadening of the transmembrane potential, caused by the increasing accumulation of K + and Na + ions, that leads to the gradual increase in Ampli FIRST observed here.
Finally, a comment is in order on the stabilization of Ampli FIRST after 3 min of intermittent MVCs (Figure 4a ). Interestingly, conduction velocity and Dur FIRST also plateaued after 3 min of exercise. The simultaneous stabilization of these parameters indicates that the accumulation of K + in the interstitial medium (and the increase in intracellular Na + concentration) was not unlimited; rather the concentration of this ions appeared to be constrained within certain limits to prevent an electrical failure of the membrane. Indeed, an upper limit of 10-15 mM during maximum sustained isometric contraction has been suggested for K + (Juel, Pilegaard, Nielsen, & Bangsbo, 2000; Vyskocil et al., 1983) . Several protective mechanisms may have contributed to avoiding a further accumulation of K + and Na + ions after 3 min of contractions, thus preserving membrane excitability. First, the decreased MVC force after 3 min of strenuous exercise reduced intramuscular pressure, which favoured the circulation of blood flow and, therefore, the clearance of extracellular K + by diffusion into the capillaries (Mitchell et al., 1981; Sadamoto et al., 1983) . Second, the decrease in motor neuron discharge frequency with fatigue would reduce the efflux of K + and influx of Na + (Bigland-Ritchie et al. 1983 ). Finally, the stimulated Na + -K + pumps also contributed to the reuptake of K + and Na + ions (Clausen, 2011) . 
Comparison
Possible mechanisms underlying the changes in the M-wave second phase
Unlike the first phase of the M-wave, the increase of Ampli SECOND only lasted for the initial 55-75 s: after this period, the second phase decreased for the rest of the protocol. The initial increase and subsequent depression of Ampli SECOND can hardly be attributed to a slowing of conduction velocity, as no temporal relationship was found between the changes in Ampli SECOND and conduction velocity.
Nor could the changes in Ampli SECOND be due to other membrane mechanisms, such as alterations in the activity of the Na + -K + pump (Cupido et al., 1996) or changes in the Na + -K + gradients (MilnerBrown & Miller, 1986) : indeed, any change in the membrane properties should have affected simultaneously the first and second phases to approximately the same extent and in the same direction (RodriguezFalces et al. 2016) . Therefore, it appears that the time course of Ampli SECOND (initial increase and subsequent decrease) should be due to a mechanism that selectively affects the second phase of the Mwave, while leaving the first phase practically untouched. We proposed that such a mechanism could be related to changes in the muscletendon architecture occurring over the course of the intermittent MVCs. Indeed, it has been shown that alterations in fascicle length predominantly influences the magnitude of the M-wave second phase, the first phase being largely unaffected (Rodriguez-Falces & Place, 2014) .
During the present experiment, changes in muscle fibre length could occur as a result not only of changes in the force generating capacity (Hodges et al. 2003) , but also of changes in muscle (Hauraix et al., 2015) and tendon (Kay & Blazevich, 2009; Mademli & Arampatzis, 2005) stiffness. Thus, it is plausible that, after the initial 55-75 s of intermittent MVC, the combination of the decline in force and the reductions in muscle and tendon stiffness led to a decrease in Ampli SECOND .
Temporal relations between M-wave parameters and peak twitch force
It is known that during exercise two processes, potentiation and fatigue, coexist for some time, during which they would act on peak twitch force in opposite directions (Rassier & MacIntosh et al., 2000; Rodriguez-Falces, Maffiuletti, & Place, 2013) . In the present experiments, during the initial 3-4 MVCs peak twitch force increased (potentiation played the major role, dominating over fatigue), but, as the MVCs continued, fatigue took over, thereby inducing a depression in the twitch force.
We found that peak twitch force started to decline after the third to fourth MVC, when Ampli FIRST was increasing at a fast rate. Moreover, we found that peak twitch force had already begun to decrease before any decline in Ampli SECOND was observed. This dissociation between the time variation of twitch amplitude and M-wave parameters (Ampli FIRST and Ampli SECOND ) evidences that impaired sarcolemmal membrane excitability cannot be solely responsible for the altered contractile properties, as noticed by other authors (Duchateau & Hainaut, 1987; Place, Yamada, Bruton, & Westerblad, 2010; Shields, 1995) . It is proposed that other processes downstream of the sarcolemmal membrane, such as impaired Ca 2+ handling, impaired excitation-contraction coupling, and impairment of cross-bridge function might be involved (Place et al., 2010) .
CONCLUSION
In conclusion, our study indicates that the amplitude of the M-wave first and second phases behaved in a different manner during 4 min of intermittent MVCs. On one hand, the first phase enlarged gradually and uninterruptedly from the first MVC until the third minute, when it stabilized. The enlargement of the first phase occurred in parallel with a decrease in conduction velocity, indicating that this enlargement was related to the increase in extracellular K + and intracellular Na + concentration. Moreover, we found that the rate of enlargement of the M-wave first phase was related to the changes in MVC force:
the enlargement was steeper during the first minute, precisely when the MVC force was high, and the rise in extracellular K + and intra- 
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